Activate carbon prepared from the stems of Lantana camara plant (ACSLC) is investigated as adsorbent for the removal of chromium (Cr) (VI) from polluted water using batch methods of extraction. Various extraction conditions such as pH, initial concentration of Cr (VI), sorbent dosage, temperature, equilibration time and presence of co-ions are optimized. The adsorption capacity is found to be 26.25 mg/g and is more than hitherto reported sorbents in the literature. The spent adsorbent can be regenerated and reused with a marginal reduction in its adsorption capacity. The active carbon is characterized by field emission scanning electron microscope (FESEM), X-ray diffraction (XRD) and Fourier-transform infrared (FT-IR) studies. The sorption mechanism is investigated using various isotherm models and found that the Freundlich model describes the adsorption process well. Thermodynamic studies reveal the endothermic and spontaneous nature of physisorption. The kinetics of adsorption is well defined by the pseudo-second-order model. The methodology developed is successfully applied to effluent samples collected at various industries.
INTRODUCTION
Chromium is a potential pollutant and it exists in waters either in trivalent or hexavalent states. Of these two oxidation states, hexavalent chromium is more toxic (Sharma & Forster ; Selvi et al. ) . The main source of chromium contamination is untreated or ill-treated effluents from chromium based industries such as mining, painting, car manufacturing, textile, electroplating and tannery industries, etc. (Wang et al. ; Vasudevan et al. ; Dias et al. ; Schneider et al. ) . If the untreated effluents are discharged into the environment, the water bodies are contaminated with the accumulated amounts of Cr (VI) and the consumption of such contaminated water causes serious health problems such as nausea, skin ulcers, malfunctioning of liver, kidneys and lung cancer (Richard & Bourg ; Kotas´& Stasicka ) . As per WHO, the maximum allowed limit of Cr (VI) in water is 0.05 mg/L (WHO ; Indian Standard Drinking Water Specifications ).
The commonly adopted techniques to remove Cr (VI) ions from industrial effluents are precipitation (Zhang et (Metcalf & Eddy ) . Recently, increasing interest is seen in developing adsorbents based on materials derived from plants in controlling the potential pollutants. In fact, our research group is investigating these bio-methods and developed methodologies for the removal of Cr (VI) ( (Sujitha & Ravindhranath a, b) .
The literature survey reveals that there are reports using non-conventional adsorbents such as modified lettuce leaves (Li et al. ) , cashew nut shell powder (Coelho et al. ) , active carbon of waste rubber tires (Gupta et al. ) and H 3 PO 4 activated peanut shell powder (ALOthman et al. ) and Fox nutshell carbon (Kumar & Jena ) .
Of the various bio-adsorbents probed, it is observed that the active carbon prepared from the stems of Lantana camara plant has an affinity towards Cr (VI). Hence, in the present investigation, this active carbon is investigated for its sorption nature towards Cr (VI) by varying various physicochemical parameters. The adsorption nature has been analyzed by surface morphological studies, adsorption isotherms, kinetics of adsorption and thermodynamical studies. Further, the methodology developed is applied to effluent samples collected at various industries.
EXPERIMENTAL

Plant description
L. camara is a species of Verbenaceae and is a small perpetual shrub that grows to a height of 2 m, occurs abundantly along the roadsides, banks of watercourses, in degraded lands and is rarely found in natural or semi-natural areas of forests. The distribution of plants is ubiquitous in nature and are grown in all the climates. It is found that an extract from the plant can reduce the development of ulcers in rats and has also been used to treat respiratory tract infections. Moreover, it displays insecticidal, antimicrobial and fungicidal properties.
Preparation of adsorbent (ACSLC)
The stems of L. camara plant were used as the precursor for the activated carbon preparation. The active carbon was prepared by carbonization, chemical treatment, and heat activation. The stems of the plant were cut, thoroughly washed with deionized water and dried in sunlight for 3 days. The dried stem pieces were subjected to destructive distillation at 350 C for 2 h in a muffle furnace. Thus the obtained carbon was washed with deionized water and then filtered. This was dried in an oven at 110 C and sieved by 75 µm ASTM mesh. Then the carbon was chemically activated by adding 1 N HNO 3 in the ratio 1:3 (w/w) and stirred well for 3 h at a temperature of 80 C. Thus treated active carbon was filtered, and washed with deionized water until the filtrate showed a neutral pH. Then the active carbon was dried at 110 C for 5 h. This active carbon was named active carbon of stems of L. camara (ACSLC). It was characterized for various parameters adopting standard procedures described elsewhere (Bureau of Indian standards ; Namasivayam & Kadivelu ; ASTM D- ) and the obtained results are presented in Table 1 .
Reagents and chemicals
All the chemicals used in this work are of analytical reagent grade and the solutions were prepared using double distilled water. A stock solution of 500 mg/L of Cr (VI) was prepared and was suitably diluted as per need.
Adsorption experiments
To determine the adsorption activity of the adsorbent (ACSLC), batch adsorption experiments were conducted by adding the 1.0 g of adsorbent to 100 mL of 50 ppm of Cr (IV) simulated solution at different pH (2-12) in 250 mL flask. The pH of the initial solution was adjusted using 0.1 N HCl or 0.1 N NaOH. The flasks were stirred at a speed of 120 rpm using a rotary shaker at various agitation times (5-120 min). All the experiments were performed at 30 C.
The initial and final concentrations of chromium were analyzed by diphenyl carbazide method at λ max : 540 nm using UV and visible spectrophotometer (Elico) as described in the literature (Vogel ; APHA ). The percent removal of Cr (VI) and adsorption capacity of the ACSLC were calculated by the equations: percent removal ¼ (C 0 À C i )=C 0 × 100 and q e ¼ (C 0 À C e )=m × V, respectively, where m ¼ mass of adsorbent (g), V ¼ volume of the solution (L), C 0 and C e are the initial and final concentrations (mg/L) of Cr (VI) ions, respectively.
The adsorptive nature of ACSLC was studied by changing pH, sorbent concentration, contact time, temperature and initial conc. of Cr (VI). The results obtained are given in Figure 1 (a)-1(g). The influence of the presence of tenfold excess of co-ions that generally exists in water bodies on the extraction of Cr (VI) ions was studied and the findings are presented in Figure 2 (a) and 2(b). 
Equipment and characterization
The crystallographic studies of the samples were made by X-ray diffraction (XRD) using Cu Kα source at 1.54 A o (PANanalytical X-ray diffractometer). The surface studies were made by using field emission scanning electron microscope (FESEM). The FESEM images were noted from different areas of adsorbent at 10.0 kV at varying resolutions from 5,000X to 100,000X using the JSM-7600F model instrument. Along with SEM, energy dispersive X-ray spectroscopy (EDX) was measured to obtain the elements presented in the adsorbent material. The IR spectra of the samples were recorded on a BRUKER ALFA Fouriertransform infrared (FT-IR) spectrophotometer using KBr pellet technique over the range 4,000-500 cm À1 . The Pellets were prepared by adding 1 mg of sample with about 300 mg of KBr in an agate mortar, and then the mixture is pressed at a pressure of 12 Pa for about 3 min. The Brunauer-Emmett-Teller (BET) surface area of the samples were investigated at 78 K using nitrogen gas adsorption analyzer (computer-controlled) and by using BET equation (Brunauer et al. ) . The results obtained are presented in Figure 3 (a)-3(f).
RESULTS AND DISCUSSION
Results of the adsorption analysis
Effect of pH
The initial pH of the solution was found to markedly affect the efficiency of ACSLC. This was investigated by changing the pH in the range 2-12 while keeping other extraction conditions at optimum levels namely, initial Cr (VI) ions concentration: 50 mg/L, agitation time: 30 min, ACSLC conc.: 4 g/L and temp.: 30 C. The findings are presented in Figure 1 (a) and 1(b). Maximum of 98% of extraction is observed at pH: 2. As the pH is increased from 2 to 4, percent of extraction is decreased to 68% and when the pH is further increased from 4 to 12, percent removal sharply decrease to 20% as seen in Figure 1 (b). This could be explained in terms of pHzpc (point of zero charge) of the ACSLC which was calculated as per the procedure described in the literature (Figure 1(a) ).
Below the pHzpc, the surface acquires a positive charge and above it, the surface is endowed with a negative charge and at pHzpc, the surface is neutral. Hence, below pHzpc: 6.1, the prevailing charge on the surface of adsorbent (ACSLC) is positive which attracts the negatively charged chromate ions and hence, the percent removal is more. But above pHzpc: 6.1, surface of ACSLC as well as Cr (VI) species have negative charge, causing repulsions and this results in the decrease of adsorption.
Effect of sorbent concentration
The efficiency of an adsorbent towards the removal of a pollutant is assessed by adsorbent dosage (Ouazene & Sahmoune ) . In the present work, percent removal of Cr (VI) was studied by varying ACSLC concentration from 1.0 g/L to 10.0 g/L while keeping the other parameters at optimum levels: pH: 2, initial conc. of Cr (VI) ions: 50 mg/L, contact times: 30 min, temperature: 30 C. The obtained results are presented in Figure 1 (c). It is inferred from the figure that the percentage of extraction of Cr (VI) was increased from 81.3% to 98% with an increase in sorbent dosage from 1 to 4 g/L and, thereafter, it becomes constant. This is attributed to the increase in surface area of the adsorbent with a subsequent increase in the active sites as the sorbent dosage is increased (Zhang et al. ; Panda et al. ) and thereafter, a state of equilibrium is attained and so, there is no marked increase in the percent removal.
Effect of time of equilibration
By changing the time of equilibration from 5 to 30 min, the relationship between the % removal of Cr (VI) ions and time of agitation was investigated while maintaining the other conditions of extractions at optimum levels. The findings are depicted in Figure 1(d) . Cr (VI) ions removal is increased with increase in the equilibration time. 82% of the Cr (VI) ions are removed by 5 min of contact itself but only after 30 min, 98% of removal is observed. After that, there is an only marginal enhancement in the percent removal. Initially, the removal is high but it mellowed with an increase of time and reached a study state after 30 min. These observations may be accounted to the fact that initially, the active sites are abundantly available on the surface of the adsorbent so, percent removal is more. But as the active sites are progressively used up with time, the adsorption process becomes slow and after a certain interval, the equilibrium is reached.
Effect of initial adsorbate concentration
The initial adsorbate [Cr (VI) ions] concentration also affects the adsorption process. This was studied by varying the initial concentration of Cr (VI) ions from 50 mg/L to 150 mg/L keeping constant the other parameters of extraction at optimum levels. The results are represented in Figure 1(e) . It is noted that, with an increase in the initial concentration of Cr (VI) ions from 50 to 150 mg/L, the amount of Cr (VI) ions (q e ) adsorbed onto the adsorbent is increased from 12.0 mg/g to 26.25 mg/g while the percentage removal Cr (VI) ions is decreased from 98 to 70%. At low concentrations, the ratio of active sites of the adsorbent to the initial Cr (VI) concentration is more and hence, the removal efficiency of the adsorbent is independent of the initial concentration of Cr (VI) ions. In other words, the active sites of the adsorbent are more in comparison with the needed sites and due to sufficiently available sites, the adsorption of Cr ions is independent of the initial concentration of Cr (VI) ions. But at high concentrations of Cr (VI), the ratio is less resulting in the dependence of adsorption on the initial concentration of Cr (VI) ions and so, the adsorption process is mellowed.
Thermodynamic studies
The effect of temperature on the adsorption process was evaluated by determining the various thermodynamic parameters viz., ΔG, ΔH, and ΔS. For this, the extent of removal of Cr (VI) while the temperature was changed from 303 K to 333 K (at other optimum conditions of extractions) was studied. The results are depicted in Figure 1 (f) and 1(g). With the increase of temperature, perfect of removal is increased from 70% (303 K) to 94% (333 K). As the temperature is raised, the kinetic energy of the adsorbate is increased and this result in the greater mobility of the adsorbate in the pores of is the adsorbent, ACSLC. This free mobility facilitates good interaction between adsorbent and adsorbate and so, the removal is high.
The values of ΔH and ΔS were determined from the slopes and intercepts of the plots of ln K d versus 1/T (Figure 1(g) ) by using the equation: ln K d ¼ ΔS/R À ΔH/RT where K d ¼ q e /C e and the value of ΔG was calculated from the relation ΔG ¼ ΔH À TΔS where R is the gas constant, T is absolute temperature and K d is the distribution coefficient for the adsorption.
The 
Effect of interfering ions
Perfect removal of the Cr (VI) ions in presence of tenfold excess of the co-anions namely SO 4 2À , CO 3 2À , NO 3 À , Cl À and PO 4 3À and co-cations, namely Ca 2þ , Mg 2þ , Zn 2þ , Cu 2þ and Fe 2þ (naturally exist in water) were investigated. The observed results are shown in Figure 2 (a) and 2(b). It is noted from the figure that the percent extractability of Cr (VI) ions was marginally affected by the anions like CO 3 2À , Cl À and NO 3 À while SO 4 2À (87.0%) and PO 4 3À (89.0%) have affected to some extent. In the case of cocations, there is almost no interference except with Zn 2þ (89.0%).
Characterization analysis
XRD Figure 3 (a) is the XRD patterns of ACSLC before and after adsorption of Cr (VI) ions. There is only one broad diffraction peak is noticed at 2θ ¼ 22.49 for both the samples (before and after adsorption). This indicates the existence of graphite crystallinity in both the samples. But as the peak is not sharp crystalline nature is less and amorphous nature is more. Furthermore, there is a close relationship between the degree of graphitization and average crystal domain diameter (D) of carbon materials. The smaller the value of D, the higher the degree of graphitization might be. The D values along with interplanar spacing (d 002 ) for ACSLC and standard commercial active carbon were calculated.
The D value for the adsorbent, ACSLC (1.6445 nm) is less than the D of the commercial active carbons (3.7914 nm) while interplanar spacing (d 002 ) of the former (0.3908 nm) is more than the later (0.3331 nm). The less value of D in comparison of the commercial active carbon resulting in the more interplanar spacing (d 002 ). This will allow an intimate contact with the adsorbent and the solution. Further, the more amorphous nature in the active carbon prepared also offer more surface area for the process of adsorption to occur. Thus, the active carbon is endowed with more interplanar space and more amorphous nature offer conducive features for adsorption.
FT-IR
The IR spectra (Figure 3(b) ) shows the existence of various functional groups viz., -OH [3,328 cm À1 (before), 3,393 cm À1 (after)], -CH 2 [2,964 cm À1 (before), 2,923 cm À1 (after)], -NH 2 [3,373 cm À1 (before), 3,371 cm À1 (after)], C ≡ C or C ≡ N [2,348 and 2,380 cm À1 (before), 2,349 and 2,378 cm À1 (after)], C ¼ O [1,699 cm À1 (before) and 1,682 cm À1 (after)], aromatic nature [1,585 cm À1 (before), 1,592 (after)], C-O [1,274 cm À1 (before) and 1,269 cm À1 (after)]. The -OH peak at 3,328 cm À1 before adsorption is shifted and broadened to 3,393 cm À1 after sorption. This indicates that chromate is adsorbed to ACSLC via hydrogen bond formation involving the surface functional groups, ÀOH.
FESEM SEM images reveal the micro structures of the adsorbent material. The microporous nature of the adsorbent (ACSLC) was evaluated at varying resolutions (Figure 3(c)  and 3(d) ). The SEM images of the adsorbent before adsorption indicated lamellar, spongy, irregular and heterogeneous structures. Further, it has the pores of various sizes and shapes. These features favor the easy penetration of the adsorbate onto the surface of the adsorbent. Further, in the SEM images after adsorption, there is an emphatic change such as the disappearance of some pores, reduction in the size of some other pores, blurring of boundaries and the disappearance of edges or corners. These reveal that the presence of chromate on the surface of ACSLC.
EDX
EDX spectrum was recorded for before and after Cr (VI) ions adsorption and is presented in Figure 3 (e) and 3(f). It is seen from Figure 3 (f) that, the chromium peak is distinctively visible in the spectrum after adsorption in the near surface region and hence, confirm the adsorption of Cr (VI) to the surface of ACSLC.
Adsorption isotherms
To understand the adsorption mechanism, various isotherm models were applied as described in the literature (Freundlich ; Langmuir ; Temkin & Pyzhev ; Dubinin & Radushkevich ). The results are shown in Figure 4 (a)-4(d) and Table 2 . Freundlich model with R 2 ¼ 0.991 was a better fit to describe the adsorption process and it reflects the heterogeneous surface of ACSLC and multi-layered adsorption. Further, the R L value is found to be 0.010 and it implies the favorability of adsorption process as per (Hall et al. () .
On the application of Temkin and Dubinin-Radushkevich equations, E, and B values are found to be 3.535 kJ/ mol and B is 0.467 J/mol, respectively. As the E value is less than 8 kJ/mol and B values is less than 20 kJ/mol, the adsorption is 'physisorption' (Atkins ; Monika et al. ).
Kinetics of adsorption
The kinetics of adsorption was analyzed using pseudo-firstorder ( Figure 4 (e)-4(h) and Table 2 . The R 2 (correlation coefficient) values fall in the order: pseudo-second-order (0.999) > pseudo-first-order model (0.971) > Elovich model (0.936) > Bangham's pore diffusion model (0.901). This infers that the pseudo-second-order model described well the adsorption kinetics.
Applications
The effluent samples were collected from the tannery industry and chromate plating industries in Andhra Pradesh, South India and were analyzed for various constituent parameters namely: dissolved oxygen (DO), total dissolved solids (TDS), total suspended solids (TSS), biochemical oxygen demand (BOD), chemical oxygen demand (COD) interfering ions: Cl-, PO 4 3À , Na þ , Fe 2þ , Cd 2þ , Cu 2þ , Pb 2þ , Zn 2þ , Ni 2þ and Cr (VI) as described elsewhere (Vogel ; Gower ; Anonymous ; APHA ; Tufekci et al. ). The obtained values are presented in Table 3 .
These samples were then fed with known concentrations of Cr (VI) and then the samples were subjected to the extraction procedure developed in the present investigation using ACSLC as adsorbent at the optimum conditions of extraction: pH: 2; sorbent dosage: 4 g/L; agitation time: 30 min; rpm: 300; temp.: 30 C. The results were presented in Table 4 . More than 80% removal of Cr (VI) was observed in these industrial effluent samples.
Regeneration and reuse
Investigations were made to regenerate the spent adsorbent, ACSLC and its subsequent use. The regeneration and reuse of the spent adsorbent material are relevant aspects because they test the reversibility of the adsorption process and further, decrease the cost of the process. For this various extracting agents were investigated and it was found that 0.1 M NaOH was effective.
5.0 g of the spent adsorbent was taken into 100 mL conical flask and to it, 20 mL of 0.1 N NaOH and 20 mL of distilled water were added. Then the mixture was stirred for 15 min at temp. 30 C and the adsorbent was allowed to settle in the solution. The solution was filtered and the adsorbent was washed with distilled water until the washings were neutral. Then the adsorbent was dried at 105 C and cooled to room temperature. Thus, regenerated adsorbent was used for the adsorption studies. After the adsorption studies, again the spent adsorbent was regenerated as has been described previously and again used for adsorption studies. A number of regenerations and the subsequent use for the removal of Cr (VI) were made and the results are presented in Figure 5 . It is inferred from the figure that, though there is a decrease of maximum percent removal of Cr (VI) with the increase in regenerations, the percent removal has not come down below to 75.4%, even after five regenerations. The decrease in the efficiency of the removal of Cr (VI) from water was found to be: 98. 0, 89.2, 83.3, 81.6, 79.2, 75.4, 72.3 and 71 .1% for 0-7 regenerations, respectively. Hence, ACSLC has a high re-utilization potential for the adsorbate Cr (VI). This is a noteworthy success and, by repetitive use of the adsorbent, complete removal of Cr (VI) can be achieved.
Comparative study of Cr uptake capacity of ACSLC with the previous works
The ACSLC method developed in this work was compared with the methods already reported in literature ( Table 5 .
The table reveals that the present developed adsorbent is more effective as its adsorption capacity is found to be 26.25 mg/gm. Hence, ACSLC is a viable adsorbent for the effective extraction of Cr (VI) ions from polluted water samples.
CONCLUSIONS
A potent and an eco-friendly bio-adsorbent is developed using the stems of L. camara plant for the removal of Cr (VI) from water. The effect of various operational parameters such as pH, time of contact, sorbent dosage, initial adsorbate concentration, and temperature are investigated and the conditions are optimized. The adsorption of Cr (VI) onto the surface of the adsorbent is confirmed through FESEM, XRD and FT-IR studies. The maximum adsorption capacity of Cr (VI) is 26.25 mg/g at the optimum extraction conditions of pH: 2, ACSLC dosage: 4 g/L, initial Cr (VI) concentration: 50 ppm; agitation time: 30 min and temperature: 30 C.
On analyzing various adsorption isotherms, it is found that the adsorption phenomenon follows Freundlich isotherm mode, reflecting the heterogeneity of the surface of the adsorbent, ACSLC. The adsorption kinetics for the removal of Cr (VI) follows the pseudo-second-order. The thermodynamic analysis reveals the endothermic and spontaneous nature of physisorption process. The decrease in ΔG values with increasing temperature shows that the adsorption is more favorable at high temperatures.
The percent extractability of Cr (VI) ions is marginally affected by the tenfold excess of co-anions like Cl À , NO 3 À and CO 3 2À while SO 4 2À (87.0%) and PO 4 3À (89.0%) have affected to some extent. In the case of co-cations, there is almost no interference except with Zn 2þ (89.0%). Desorption and regeneration studies are made and found that 0.1 M NaOH is an effective solvent for the regeneration of the spent adsorbents. It is interesting to note that, even after five regenerations, percent of extraction has not come down below 75.4% for the adsorbent ACSLC. The developed adsorbent in this investigation is applied successfully for the removal of Cr (VI) from the real industrial effluent samples. 
